Magneto-optical imaging of dendritic flux instability is reported for NbN films exposed to magnetic fields ramped at a fast rate (0.1-3.2 kT s
Introduction
Magnetic flux instability is quite common in type II superconductors, resulting in, for example, a suppression of the critical current density [1] [2] [3] [4] and the generation of electromagnetic noise [5] . Such instability may limit applications of superconducting materials, and may even damage the material itself [6] . The instability occurs when vortices escape from pinning centers, locally heating the material, thus promoting additional flux motion and generating a positive feedback that results in largescale flux avalanches. This phenomenon appears as flux jumps in wires and bulk superconductors [7] [8] [9] , and as dendritic flux formations in thin films. The latter has been observed in a large number of superconductors important for practical applications, such as MgB 2 [10, 11] , Nb [12, 13] , YBCO [14] , and NbN [15] .
NbN is a promising material for superconducting practical devices due to, e.g., its relatively high critical current density j c , relatively high critical temperature T c for a conventional superconductor, and simplicity of film preparation.
Consequently, NbN films have been found suitable for use in superconducting devices such as single-photon detectors [16] , microwave resonators [17] , hot electron bolometers [18] and kinetic inductance detectors [19] . Yet the dendritic avalanches may limit the usefulness of NbN in such devices.
Magneto-optical imaging (MOI) studies of superconducting films exposed to perpendicular magnetic fields have shown that the dendritic flux avalanches occur only below a certain threshold temperature, T th <T c [20] . Also, at a given temperature the instability is limited to a certain range of applied fields, between a lower and an upper threshold fields, H Previous MOI experiments on NbN films [21] [22] [23] have focused attention on the effect of the external magnetic field on the instability, ignoring possible influences of the magnetic field sweep rate. In those experiments, the magnetic field was ramped 'slowly', at a rate defined by the experimental device, typically ∼1 mT s −1 . In the present work we present results of the first experimental study of the flux instability regime in NbN films exposed to rapid sweep rates of the external magnetic field. The MOI results reveal that rapid sweep rates increase dramatically the instability region, pushing the threshold temperature closer to T c . Moreover, for a given temperature, the threshold fields are dramatically affected by the sweep rate. It is found that the instability generated by rapid sweep rates is triggered by lower fields. Furthermore, the upper threshold field above which stability is restored increases linearly with the applied sweep rate. The significant extension of the instability regime can be of primary importance when designing devices that may be exposed to rapidly changing magnetic fields.
Experimental
With the background vacuum kept below 8×10 −6 Pa, 300 nm NbN films were fabricated on 10×10 mm 2 MgO (100) substrates at ambient temperature by DC magnetron sputtering [24] . To reduce the lattice mismatch and the strain in the film, a 30 nm thick pre-coat of Nb5N6 was used as a buffer layer [25] . The Nb target is 8 inch in diameter with 99.999% purity and the distance between the target and substrates is about 6 cm. The deposition took place in a gas mixture of N 2 and Ar at the total pressure of 2 mTorr with a ratio of 1:7. The optimized sputtering current is 1.50 A, with deposition rate at 1±0.05 nm s −1 . For these films, the normal to superconductor transition temperature, T c , is ∼15.6 K. The films were cut to 5×5 mm 2 squares to fit our MOI system [26] and a 5 T Quantum Design MPMS magnetometer. The effective ramp rate of the MPMS is ∼1 mT s −1 . The MOI system enables real-time imaging at rates up to 70 000 frames per seconds and provides a maximum applied field of 60 mT with slow and fast sweep rates of 0.2-2 mT s −1 , and 0.1-3.2 kT s −1 , respectively. The fast sweep rates are obtained by charging a high inductance storage coil and discharging it to a smaller inductance field coil. The rate can be controlled by controlling the voltage of a power supply. In addition, metallic components of the cryostat were replaced by nonmetallic ones in order to reduce eddy current. For more details see [26] .
Results
In all the MOI experiments described below the NbN films were zero field cooled (ZFC) to a temperature below the transition temperature, T c , and then exposed to different magnetic field values, from which it was ramped down back to zero at various rates. Experiments at slow ramping rates (0.2-2 mT s −1 ) exhibit dendritic avalanches at low temperatures up to a threshold temperature T th =5.3 K, similar to that reported in [23] . Typical results are shown in figure 1(a) , exhibiting a MOI after ZFC the film to 4.2 K, exposing it to 60 mT and then ramping the field down to zero at a rate of 2 mT s −1 . The figure shows dendritic avalanches, seen as black antiflux invasion into the sample. Above T th the flux penetrated smoothly into the films. A typical example is shown in the MOI of figure 1(b) measured above T th , at 6.7 K, for a field sweep rate of 2 mT s −1 . At this temperature, the remnant field shows the expected 'rooftop' pattern [27, 28] .
Applying fast sweep rates resulted in a dramatic increase in the threshold temperature, i.e., we were able to trigger the instability deep in the region previously considered as a 'stable region'. For instance, figure 1(c) shows dendritic avalanches at 6.7 K after decreasing the field from 15 mT to 0 at a rate of 2.5 kT s −1 . For this applied field and sweep rate we were able to detect avalanches up to a temperature of 10.6 K, twice as the threshold temperature that was found in the slow rate measurements.
Next, we searched for the minimum threshold field needed to generate an avalanche at a constant temperature, for various sweep rates. At 4.3 K, we found that the minimum field value was 15 mT for a slow sweep rate of 2 mT s −1 . But for a fast sweep rate of 1 kT s −1 , even a low value of ∼4 mT was sufficient to produce an instability. This result indicates that fast sweep rates lower the field H th 1 needed to trigger the avalanches. The exact dependence of H th 1 on  H a could not be resolved because of limitations of our system to change magnetic field values below 4 mT at fast sweep rates.
Experiments were repeated at different temperatures and fields, varying the sweep rate up to 3.2 kT s −1 , searching for an upper field limit for the avalanches. For temperatures below 5.5 K, avalanches persist up to our maximal experimental field of 60 mT for any sweep rate. An upper threshold field was measurable above 5.5 K. In figure 2 we summarize the experimentally measured H th 2 at T=6 K, as a function of the field sweep rate. The figure reveals a linear dependence of H th 2 on  H . a A similar linear dependence was obtained for several temperatures between 5.5 and 7 K. Above 7 K the contrast in the MOI was too poor to allow for a full characterization.
Discussion
The origin of the dendritic instability has already been discussed in several papers, see e.g. [1] [2] [3] [4] . In brief, it is a result of competition between heat and magnetic flux diffusion in the sample. Vortex instability is found in the temperature and field range in which the magnetic diffusion prevails. The ratio between the magnetic and thermal diffusion coefficients is determined by sample parameters such as thermal conductivity, heat transfer to the substrate, and the sample critical current density, j c . The latter serves as a measure for the resistance of the system to flux entry and thus it is a key parameter of the sample magnetic stability. Our results clearly show an extended instability regime at fast sweep rates in both temperature and field regimes. Fast magnetic sweep rates induce large electric fields, resulting in heat dissipation by the normal-conducting electrons in the vicinity of the vortex and thus further increase the local heat [29] . As a result, the instability is enhanced and the threshold temperature above which the instability vanishes is pushed up significantly, from 5.3 K for the slow sweep rates to ∼10.6 K for the fast rates. A similar effect was seen in our previous study of MgB 2 films [10] .
The main and new aspect of the present work is the experimental determination of the effect of  H a on the threshold fields. Specifically, the results show indications for a decrease of the critical field H th 1 above which the instability appears and a linear increase of the threshold field H th 2 above which the stability is restored. These results can be explained on the basis of a recent theoretical study [30] of thermomagnetic instability in superconducting films. This theory predicts the following expression for the threshold magnetic field:
where d is the film thickness, j c is the critical current density, h is the coefficient of heat transfer between the film and the substrate,
1 n is the flux creep exponent, and w is the half-width of the film. Note that j c depends on the external field, thus by inserting The upper threshold field as a function of the applied field sweep rate at 6 K. The solid line is a linear fit to the experimental data points. The arrow marks the minimum sweep rate below which the system is stable for any field.
requires determination of the actual field dependence of j c . To accomplish this task, we measured magnetic hysteresis loops (M versus H a ) for our NbN film (M is the film magnetization), using MPMS magnetometer after ZFC the film to various temperatures (between 2 and 10 K). j c (H a ) was determined from the width ΔM of the magnetization loops using = D / j M w 30 , c where the pre-factor takes care of the geometry of our square film [28] .
The inset to figure 3 shows the resulting j c values (squares) as a function of the applied field at 6 K (same temperature as for the results displayed in figure 2) . The solid line in the figure is a fit of the data to the Kim model [31]:
where j c0 =2.1×10 10 A m −2 and μ 0 H 0 =17 mT ( j c0 is the critical current density at zero field and H 0 is a sample-dependent characteristic field). Note that the critical current j c0 for our film is smaller by a factor of three to four as compared to values reported in the literature [21, 22] . This may explain the larger value of H th 1 at slow sweep rates in our measurements (15 mT) in comparison with previous experiments (2-5 mT in [22] ).
As shown in [21, 22] , under certain conditions equation ( H a that is confirmed experimentally, see figure 2 . Also, the calculated and experimental H th 2 values are comparable. However, the experimental curve is shifted upward by approximately 20 mT. In other words, the experimental instability region is somewhat larger than expected theoretically, reflecting an excess local heating due to vortex/anti-vortex annihilation occurring at the edge of the film during field decrease [22, 23] . The calculated low values of the lower threshold field explain why we could not resolve 1.5 kT s −1 as shown in figure 3 . This important prediction of a minimum sweep rate below which the system is stable is confirmed experimentally. However, the experimentally measured  H a min value at 6 K is 0.57 kT s −1 , see figure 2. As explained above, the experimental lower value of  H a min is because of the enhanced heating during the field decrease due to vortex/anti-vortex annihilation.
The new results regarding the extended instability region, are of concern to devices based on superconducting films exposed to rapid ramping magnetic fields or high-frequency AC fields. For example, NbN films used for shielding radiofrequency cavities for particle accelerators [32] are more prone to instability occurrence due to the exposure to highfrequency magnetic fields. The extended instability range is possibly a matter of concern also to applications using high electric fields and transient currents [33] .
Based on our experimental results and those of others we propose possible ways of coping, at least partially, with the flux instability challenge. For example, our results suggest that the instability region may be bypassed by biasing the system to a large DC field. Also, a normal metal layer on top of the superconducting material [34, 35] may reduce the probability for an avalanche because of the eddy currents induced in the normal metallic layer. Of course, the efficiency of this solution should be investigated in the presence of a rapidly changing external field. Another parameter which may be important in bypassing the instability problem is the film substrate; as was demonstrated in [36] , a proper choice of a substrate may reduce dramatically the problem by increasing the heat transfer from the film. Another solution may be based on previous findings of the strong dependence of the instability on the film thickness [37] . Apparently thicker films minimize the instability. This may be crucial for, e.g., NbNbased hot electron bolometers [18] , as those are made of ultrathin films (usually a few nanometers) and thus may be found very prone to the magnetic instability.
In summary, this work presents the first experimental investigation of the flux instability boundaries in superconductors under fast sweep rates. NbN films, which are commonly used in various applications, were chosen for this study. We have found that fast field sweep rates affect the stability of the films, extending significantly the instability boundaries in terms of the threshold temperature and fields. In particular, the upper threshold field increases linearly as the magnetic field sweep rate increases, in agreement with recent theoretical predictions. From practical point of view, all these results reveal that superconducting devices implementing high-frequency AC electromagnetic fields or transient currents are significantly more vulnerable to magnetic flux instability. All these results should be carefully considered in designing devices based on superconducting films.
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